Introduction {#s1}
============

Inflammation is a physiological response to remove injurious stimuli and initiate the healing process. However, unresolved or sustained low-grade inflammation leads to development of chronic diseases including chronic obstructive pulmonary disease (COPD), rheumatoid arthritis, type 2 diabetes (T2D), cancer, Alzheimer's disease, cardiovascular, and renal diseases, many of which are associated with aging. Upregulation of inflammatory biomarkers is a characteristic of the aging process [@pone.0046364-Chung1]. Thus, inflammation is considered a major contributing factor in the pathogenesis of many age-related diseases [@pone.0046364-Chung1].

One key protein that regulates inflammatory responses is the transcription factor NF-κB which is held quiescent in the cytoplasm when in complex with IκBα. In response to a proinflammatory stimulus (e.g. lipopolysaccharide (LPS), tumor necrosis factor (TNFα), or interleukin-1 (IL-1)) via Toll-like receptors or cytokine receptors, IκBα is phosphorylated by IKK and subject to ubiquitin-dependent proteasomal degradation, thereby allowing NF-κB to translocate to the nucleus and activate the transcription of a cascade of proinflammatory cytokines and chemokines to induce inflammatory responses [@pone.0046364-Goh1], [@pone.0046364-Viatour1]. Activation of NF-κB-regulated gene expression is also modulated by post-transcriptional modifications, such as phosphorylation, acetylation and methylation, which can be altered upon stimulation [@pone.0046364-Viatour1], [@pone.0046364-Ishinaga1], [@pone.0046364-Yang1], [@pone.0046364-Ghizzoni1]. Of particular interest is the acetylation of p65/RelA, a subunit of the heterodimeric NF-κB protein, which can either potentiate or diminish NF-κB signaling depending on the particular acetylated lysine residue [@pone.0046364-Chen1], [@pone.0046364-Kiernan1]. Among the seven lysines (lysine 122, 123, 218, 221, 310, 314, 315) that are acetylated by p300/CBP and PCAF [@pone.0046364-Chen1], [@pone.0046364-Kiernan1], [@pone.0046364-Rothgiesser1], [@pone.0046364-Buerki1], [@pone.0046364-Chen2], [@pone.0046364-Sheppard1], [@pone.0046364-Sheppard2], [@pone.0046364-Zhong1], acetylation of lysine 310 is critical for full activation of NF-κB transcription potential [@pone.0046364-Chen1], which can be deacetylated by SIRT1 [@pone.0046364-Yeung1].

SIRT1 is an NAD^+^-dependent protein deacetylase that plays important roles in regulating metabolism, inflammation, stress resistance, DNA repair and cell survival through deacetylation of key transcription factors, enzymes and proteins [@pone.0046364-Haigis1], [@pone.0046364-Baur1]. Following the initial report by Yeung *et al.* that SIRT1 can deacetylate p65 at lysine 310 [@pone.0046364-Yeung1], other studies have also demonstrated the inhibitory effect of SIRT1 on NF-κB-mediated inflammation. Overexpression of SIRT1 or activation of SIRT1 by resveratrol (RES) promotes deacetylation of p65 and suppression of transcriptional activation by NF-κB, resulting in protection against microglia-dependent amyloid-β toxicity in neurons [@pone.0046364-Chen3]. SIRT1 protein is decreased in the lungs of rats exposed to cigarette smoke as well as in lungs of smokers and patients with COPD [@pone.0046364-Yang2], [@pone.0046364-Rajendrasozhan1]. Increasing SIRT1 activity by gene overexpression or pharmacological activation by RES inhibits, whereas decreasing SIRT1 activity by gene knockdown or inhibition of SIRT1 by sirtinol potentiates inflammatory responses, presumably via SIRT1-mediated deacetylation of p65 [@pone.0046364-Yang2], [@pone.0046364-Rajendrasozhan1]. Further, transgenic mice with modest SIRT1 overexpression on high fat diet (HFD) show reduced levels of proinflammatory cytokines such as IL-6 and TNFα [@pone.0046364-Pfluger1]. Conversely, myeloid cell-specific SIRT1 knockout mice show increased secretion of these cytokines when challenged with LPS, and are predisposed to the development of systemic insulin resistance and metabolic disorders upon HFD feeding [@pone.0046364-Schug1].

The pivotal role of SIRT1 in regulating inflammation suggests a new avenue for attenuating inflammation by modulating SIRT1 activity. SIRT1 activity can be regulated by the endogenous activator AROS (active regulator of SIRT1) [@pone.0046364-Kim1], inhibitors (deleted in breast cancer-1 (DBC1) and Tat) [@pone.0046364-Kim2], [@pone.0046364-Zhao1], [@pone.0046364-Kwon1], NAD^+^ concentration [@pone.0046364-Revollo1], and by posttranslational modifications such as phosphorylation [@pone.0046364-Kang1], [@pone.0046364-Guo1], [@pone.0046364-GerhartHines1]. Deletion of DBC1 results in increased SIRT1 activity and renders mice resistant to HFD-induced liver steatosis and inflammation [@pone.0046364-Escande1]. Likewise, administration of the NAD^+^ biosynthesis substrate NMN, which increases NAD^+^ levels, restores HFD-induced p65 hyperacetylation and gene expression related to inflammatory response, leading to improved hepatic insulin sensitivity [@pone.0046364-Yoshino1]. In addition to endogenous regulation of SIRT1, direct pharmacological modulators of SIRT1 activity have also been reported [@pone.0046364-Milne1].

Resveratrol (RES) was first identified as a naturally occurring small molecule that biochemically activates SIRT1 [@pone.0046364-Howitz1]. While RES exhibits anti-inflammatory effects [@pone.0046364-Yeung1], [@pone.0046364-Chen3], [@pone.0046364-Yang2], it is pharmacologically complex and likely involves additional targets depending upon the dose used [@pone.0046364-Baur2], [@pone.0046364-Price1]. To more directly understand the role of SIRT1 in inflammation, we have identified novel synthetic SIRT1-activating compounds (STACs) chemically distinct from RES. Early examples of STACs have shown potential *in vivo* anti-inflammatory effects in the context of metabolic disease, where cytokines and chronic inflammation have been shown to contribute to the metabolic dysfunction in animal models and cell culture systems [@pone.0046364-Milne1], [@pone.0046364-Yoshizaki1], [@pone.0046364-Yoshizaki2], [@pone.0046364-Smith1], [@pone.0046364-Yamazaki1], [@pone.0046364-Minor1].

We are interested in understanding the mechanism by which STACs regulate inflammation. We therefore developed a quantitative assay to measure the cellular levels of acetylated p65 protein. In this cell-based system we demonstrate that overexpression of SIRT1 attenuates, while knockdown or inhibition of SIRT1 increases p65 acetylation. We also show that compounds from two chemical series of STACs activate SIRT1 *in vitro* and promote SIRT1-mediated deacetylation of p65 protein in cells. Furthermore, these STACs can attenuate p65 acetylation and inhibit NF-κB activation induced by TNFα and blunt LPS-stimulated TNFα secretion. Finally, we show STAC SRTCX1003 mediates decreases in the production of several proinflammatory cytokines, including TNFα and IL-12, *in vivo* following the administration of LPS. Our studies indicate that small molecule activators of SIRT1 are potential drug development candidates for treating inflammation through downregulation of NF-κB signaling.

Materials and Methods {#s2}
=====================

Structures and Synthesis of STACs {#s2a}
---------------------------------

Structures of benzimidazole STACs and the core structure of quinolone STACs of this study are shown in [Figure 1](#pone-0046364-g001){ref-type="fig"}. Benzimidazole STACs [@pone.0046364-Vu1], [@pone.0046364-Disch1] and quinolone STACs [@pone.0046364-Vu2] were prepared according to the procedures described in the relevant patents.

![Structures of STACs.\
(A) Structures of the benzimidazole STACs. (B) Core structure of the quinolone STACs.](pone.0046364.g001){#pone-0046364-g001}

Cell Culture and Reagents {#s2b}
-------------------------

U2OS cells (ATCC, HTB-96) and HEK 293 cells (cell line used for BacMam transduction was derived at GSK from ATCC CRL-1573 [@pone.0046364-Lysko1]) were cultured in DMEM/F12 (Invitrogen, 10565-018) with 10% Fetal Bovine Serum (FBS) (Gibco). HEK 293T/17 (ATCC, CRL-11268) cells, RAW 264.7 macrophages (ATCC \#TIB-71) and HEK 293 cells (ATCC, CRL-1573) stably expressing NF-κB luciferase reporter were maintained in DMEM (Invitrogen \#11995) with 10% FBS (Gibco). EX-527 [@pone.0046364-Solomon1] was synthesized at Sirtris.

Quantitative Assay for Measuring Cellular Acetylated p65 Levels {#s2c}
---------------------------------------------------------------

BacMam p65 and BacMam p300-HAT viruses were prepared internally according to the standard procedures [@pone.0046364-Robers1] and were transduced into U2OS cells or HEK 293 cells at 2% and 1% (vol/vol). Cell suspensions containing viruses were then plated into 384-well plates by Multidrop Dispenser. Six hours later, test compounds were added into each well by Apricot liquid handler. Acetylated p65 protein in cell lysates was measured at 24 hours post viral transduction. For the experiments to test SIRT1 overexpression on p65 acetylation, BacMam SIRT1 or BacMam GFP virus was added into cells immediately after BacMam p65 and BacMam p300 viruses were transduced. For the experiments to evaluate knockdown of SIRT1 on p65 acetylation, SIRT1-siRNA or NT-siRNA was transfected into cells 24 hours prior to transduction of BacMam p65 and BacMam p300 viruses, which allowed 48 hours for SIRT1-siRNA to induce significant knockdown of SIRT1.

Acetylated p65 protein in cell lysates was measured by an AlphaScreen format based assay (Bosse *et al.,* Principles of AlphaScreen. PerkinElmer Application Note (2001)). A sandwich comprised of a biotinylated anti-HA antibody (Roche, 12158167001) bound to streptavidin coated donor beads (PerkinElmer, 6760617M) and an anti-acetylated K310-p65 antibody (Abcam, ab19870) interacting with protein A coated acceptor beads was assembled to detect light emission upon acetylated HA-p65 protein binding to the donor and acceptor beads. A similar AlphaScreen assay to measure total HA-tagged p65 protein was also developed by replacing the anti-acetylated K310-p65 antibody with an anti-p65 antibody (Santa Cruz, sc-109). The level of acetylated p65 protein was normalized against the total HA-tagged p65 protein measured in parallel for the same sample.

ELISA Assay for Measuring Acetylated p53 Protein {#s2d}
------------------------------------------------

U2OS cells in six-well plates were pretreated with test compounds for 1 hour followed by doxorubicin treatment at 1 µg/ml for four hours to induce p53 acetylation. For the experiments to evaluate knockdown of SIRT1 on doxorubicin-induced p53 acetylation, SIRT1-siRNA or NT-siRNA was transfected into cells 40 hours prior to compound pretreatment. An ELISA assay was developed and used to measure acetylated p53 protein in cell lysates. After coating an anti-acetylated p53 antibody (Cell Signaling, 2525) onto a 96-well plate at 4°C overnight, the plate was blocked for 2 hours. Cell lysates were then transferred onto the ELISA plate and incubated at RT for 3 hours. Detection of acetylated p53 protein was achieved by using a HRP-labeled anti-p53 antibody (Santa Cruz, sc-126 HRP) followed by exposing the ELISA plate to HRP substrate (BioFX Laboratories, TMBC-0100-01). Absorbance at OD 450 nm was read by a SpectraMax M5 plate reader. The quantity of acetylated p53 protein in samples was calculated by fitting the data into a standard curve of acetylated p53 protein on the same ELISA plate. To compare the levels of acetylated p53 among samples, the quantity of acetylated p53 was normalized against the amount of total protein in the lysates that had been transferred onto the ELISA plate.

Measurement of Acetylated p65 Protein Induced by TNFα {#s2e}
-----------------------------------------------------

HEK 293T/17 cells in 10 cm dishes were transfected with p300-HAT plasmid by FuGENE 6 transfection reagent (Roche, 11814443001). 18 hours after transfection, cells were pretreated with compounds for 6 hours and then stimulated with 20 ng/ml recombinant human TNFα for 20 minutes (Invitrogen, PHC3016). Cells were then lysed on plate and the supernatants after centrifugation were subject to immunoprecipitation by an anti-acetylated K310-p65 antibody (Abcam, ab19870) overnight at 4°C with rotating. On the next day, 50 µl Protein A Dynabeads were added to the immunoprecipitation samples and rotated for 3 hours at 4°C. After washing, the immunoprecipitated acetylated p65 protein was extracted by 2X SDS sample buffer and probed for p65 (anti-p65 antibody, Santa Cruz, sc-8008) by western blotting. A phospho-NF-κB (Ser536) antibody (Cell Signaling, 3031) and a phospho-IκBα (Ser32/36) antibody (Cell Signaling, 9246) were used to probe for phosphorylated p65 and phosphorylated IκBα in cell lysates. Densitometry quantitation of acetylated p65 protein on western blots was conducted by using Odyssey software. For the experiments to assess SIRT1 overexpression on TNFα-induced p65 acetylation, pcDNA-hSIRT1 plasmid or empty vector was co-transfected with p300-HAT plasmid at the same time into cells by FuGENE 6 transfection reagent.

NF-κB Luciferase Reporter Assay {#s2f}
-------------------------------

HEK 293 cells stably expressing a luciferase reporter driven by a tandem of 3×κB DNA element were plated onto 384-well plates. On the day of experiment, cells were pretreated with compounds for 1 hour and then stimulated with 50 ng/ml of recombinant TNFα for 3 hours. Luciferase activity was measured by Steady-Glo Luciferase Assay System (Promega, E2550) according to the manufacturer's protocol. For the experiments to examine SIRT1 overexpression on NF-κB transcriptional activity, SIRT1 plasmid or empty vector was transfected into cells 24 hours prior to TNFα treatment. Cell viability in the sister plate was measured by ATPlite according to the manufacturer's protocol (PerkinElmer, 6016739).

Measurement of LPS-induced TNFα Secretion by RAW Cells {#s2g}
------------------------------------------------------

RAW 264.7 macrophages were seeded at 4×10^4^ cells per well in 96-well plates. 16 hours after seeding, cells were pretreated with compounds for 1 hour, followed by stimulation with 100 ng/ml LPS (*E. coli*, Calbiochem) for 1 hour. Media was then transferred into TNFα ELISA plates (Invitrogen, KMC3011). TNFα in supernatants was then measured following the manufacturer's protocol. Cell viability was determined by AlamarBlue according to the manufacturer's protocol (Invitrogen, DAL1100). For the experiments to evaluate knockdown of SIRT1 on STAC-inhibited TNFα secretion, SIRT1-siRNA or NT-siRNA was transfected into cells 48 hours prior to compound pretreatment.

Test of SRTCX1003 and Dexamethasone on LPS-induced Cytokine Production *in vivo* {#s2h}
--------------------------------------------------------------------------------

11 weeks old male BALB/c mice purchased from Jackson Laboratory were acclimated with minimum 4 days under the same conditions as for the actual test. Mice weighted at 25--28 grams were randomized into 6 groups with 8 mice each and were orally dosed with vehicle, 10% PEG, 10% VitE-TPGS, or SRTCX1003 at 3 mg/kg, 10 mg/kg, 30 mg/kg, 100 mg/kg, or dexamethasone at 1 mg/kg (Sigma, MO part\#D1756, lot 096K1805), all diluted in vehicle of 10% PEG, 10% VitE-TPGS. One hour after oral dose, animals were administered 0.25 mg/kg LPS in PBS (Sigma, MO part\# L2630, lot 128K4054) through intravenous injection. Ninety minutes later, animals were sacrificed by CO~2~ asphyxiation, and the blood was collected by cardiac puncture. Plasma was thereafter separated from blood cells by centrifugation for 8 minutes at 13,200 rpm in an Eppendorf using a 5214R centrifuge. A 10-fold dilution of plasma was performed prior to the measurement of TNFα (Invitrogen, CA, part\# KMC3011) and IL-12p40 (Invitrogen, CA, part\# KMC0121) by ELISA. In parallel, 30 µl of undiluted plasma was submitted for drug exposure analysis by mass spectrometry.

Ethics Statement {#s2i}
----------------

All animal studies were conducted at Sirtris, a GSK Company (Cambridge, MA) following the guidelines of the institutional animal use and care committee (IACUC). All protocols and animal ethics were approved by the Sirtris IACUC. Appropriate measures were taken to minimize distress to the animals, following the guidelines of Sirtris IACUC and GSK institutional animal use policies. The animals were anesthetized using isoflurane prior to intravenous injection of LPS and were allowed to recover for several minutes prior to returning to the cage. Mice were sacrificed by asphyxiation using carbon dioxide followed by cardiac puncture.

Results {#s3}
=======

Development of a Quantitative Assay to Monitor Cellular Acetylated p65 Levels {#s3a}
-----------------------------------------------------------------------------

We developed a high throughput cellular assay to examine the ability of compounds to promote SIRT1-mediated deacetylation of p65 protein in cells. This assay system uses BacMam virus transduction in U2OS or HEK 293 cells to co-express p300 HAT and an HA-tagged p65 NF-κB subunit to enable detection of acetylated p65. SIRT1 has been shown to specifically deacetylate p65 at K310 [@pone.0046364-Yeung1], thus we developed the assay to detect acetylated K310-p65 in cell lysates by AlphaScreen format ([Figure 2](#pone-0046364-g002){ref-type="fig"}). Using this cellular system, we demonstrated that overexpression of SIRT1 by BacMam virus transduction mediated a reduction of acetylated p65 protein as compared to BacMam GFP virus transduced (control) cells ([Figure 3A](#pone-0046364-g003){ref-type="fig"}). Conversely, knockdown of SIRT1 by SIRT1-siRNA reduced SIRT1 by 70% and resulted in elevation of acetylated p65 protein levels compared to samples transfected with non-targeting siRNA ([Figure 3B and 3C](#pone-0046364-g003){ref-type="fig"}). Similarly, pharmacological inhibition of SIRT1 by a specific SIRT1 inhibitor, EX-527 [@pone.0046364-Solomon1], increased the levels of acetylated p65 protein ([Figure 3D](#pone-0046364-g003){ref-type="fig"}). These data indicate that SIRT1 regulates p65 acetylation in cells and this cellular assay is suitable for profiling STACs.

![Development of a quantitative assay for measuring cellular acetylated p65 levels.\
Flow diagram depicts the assay procedure, including BacMam p65 and BacMam p300 viral transduction, plating cells, compound treatment, cell lysis and detection of acetylated p65 protein by AlphaScreen format.](pone.0046364.g002){#pone-0046364-g002}

![SIRT1 regulates cellular acetylated p65 levels.\
(A) Levels of acetylated p65 in BacMam SIRT1 virus or BacMam GFP virus transduced cells. Western blot in the right upper corner shows the level of SIRT1 expression upon BacMam SIRT1 virus transduction. (B--C) Levels of acetylated p65 protein in cells transfected with SIRT1-siRNA or NT-siRNA as measured by AlphaScreen assay in (B), or demonstrated by immunoblotting in (C). (D) Dose-response effect of EX-527 on levels of acetylated p65 protein. All error bars represent s.d. of at least 4 replicates. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.](pone.0046364.g003){#pone-0046364-g003}

SIRT1-activating Compounds (STACs) Activate SIRT1 Deacetylase Activity *in vitro* {#s3b}
---------------------------------------------------------------------------------

STACs that were identified from biochemical assays ([File S1](#pone.0046364.s004){ref-type="supplementary-material"}) were evaluated in the acetylated p65 cellular assay. Two representatives from the benzimidazole compound series (SRTCX1002 and SRTCX1003) shown in [Figure 1A](#pone-0046364-g001){ref-type="fig"} and two representatives from the quinolone compound series (SRTCD1023, SRTCL1015) (core structure shown in [Figure 1B](#pone-0046364-g001){ref-type="fig"}) and a structurally related inactive control compound that does not activate SIRT1 in the biochemical assays for each series (SRTCZ1001 and SRTCE1022, respectively), were tested in the cellular p65 acetylation assay for their effects on regulating p65 acetylation. Data showed that all of the four STACs that biochemically activated SIRT1 *in vitro* could mediate a dose-dependent reduction of acetylated p65 protein ([Figure 4A, S](#pone-0046364-g004){ref-type="fig"}1 and [Table S1](#pone.0046364.s005){ref-type="supplementary-material"}) with the two biochemically inactive compounds showing no effect ([Table S1](#pone.0046364.s005){ref-type="supplementary-material"}). The compounds were tested for the inhibition of histone acetyltransferases (HATs) since this could result in a reduction of acetylated p65 that could not be distinguished from an enhancement of deacetylation. SRTCX1002 and SRTCX1003 showed poor inhibition of CBP and p300 with IC~50~s of 24 µM and 11 µM respectively (data not shown), potencies which are significantly lower than their IC~50~s for reducing levels of acetylated p65 in the cellular assay ([Table S1](#pone.0046364.s005){ref-type="supplementary-material"}). Furthermore, the two compounds from the other chemical series, SRTCD1023 and SRTCL1015, did not inhibit any of the HAT proteins up to the maximum concentration used (30 µM, data not shown). This indicates that STAC-mediated reduction of acetylated p65 cannot be attributed to HAT inhibition.

![STACs promote SIRT1-mediated deacetylation of p65 protein in cells.\
(A) Levels of acetylated p65 in U2OS cells treated with varied concentrations of SRTCX1002 with or without 10 µM EX-527. (B) Levels of acetylated p65 in vehicle or 10 µM SRTCX1002 treated U2OS cells transfected with either SIRT1-siRNA or NT-siRNA. Western blots in the right upper corner indicate that SIRT1 was knocked down by 70% by SIRT1-siRNA. All error bars represent s.d. of at least 4 replicates. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.](pone.0046364.g004){#pone-0046364-g004}

To see whether the reduction of acetylated p65 protein by STACs is mediated through SIRT1, levels of acetylated p65 protein in vehicle or STAC-treated cells with or without 10 µM EX-527 were measured. Our data showed that inhibition of SIRT1 by EX-527 significantly reversed STAC-mediated reduction of acetylated p65 ([Figure 4A](#pone-0046364-g004){ref-type="fig"}, [Figure S1A](#pone.0046364.s001){ref-type="supplementary-material"}−C), indicating that the STAC effect is SIRT1-dependent. This conclusion was reinforced following the knockdown of SIRT1 expression by siRNA that resulted in a reversal of compound mediated reduction of acetylated p65 ([Figure 4B](#pone-0046364-g004){ref-type="fig"}). Since p53 is a well-established SIRT1 substrate [@pone.0046364-Luo1], [@pone.0046364-Vaziri1], we also tested the effect of STACs on acetylated p53 levels in cells treated with doxorubicin. Our data showed that treatment of SRTCX1002 dose-dependently reduced doxorubicin-induced p53 acetylation, and this reduction was largely reversed upon inhibition of SIRT1 by EX-527 or knockdown of SIRT1 expression by siRNA ([Figure S2](#pone.0046364.s002){ref-type="supplementary-material"}). SRTCX1003 was also tested and showed a similar effect (data not shown). Taken together, our data indicate that STAC-mediated reduction of acetylated p65 or p53 protein is dependent on SIRT1.

STACs Attenuate TNFα-induced p65 Acetylation in Cells {#s3c}
-----------------------------------------------------

We wanted to investigate the effect of STACs on a physiological proinflammatory stimulus since the assay described above relies on the overexpression of p65 and p300. It has been shown that TNFα stimulation can induce p65 acetylation, which can in turn be reduced by SIRT1 deacetylase activity [@pone.0046364-Schug1], [@pone.0046364-Yang3]. Indeed, we found that treating HEK 293T/17 cells with TNFα induced a very modest level of p65 acetylation at K310. These levels of acetylated p65 were significantly enhanced when p300 protein was expressed in these cells ([Figure 5A](#pone-0046364-g005){ref-type="fig"}). p300 overexpression in the absence of TNFα stimulation did not induce any detectable levels of acetylated p65, as TNFα is required for IκBα degradation and p65 translocation to the nucleus to be acetylated by p300. Because TNFα stimulation combined with p300 overexpression induces a readily-detectable level of acetylated p65, we studied the effects of SIRT1 overexpression or activation by STACs on this system for the following experiments. Consistent with previous reports, overexpression of SIRT1 attenuated ([Figure 5B](#pone-0046364-g005){ref-type="fig"}), whereas inhibition of SIRT1 activity by EX-527 increased p65 acetylation stimulated by TNFα ([Figure 5B](#pone-0046364-g005){ref-type="fig"}), indicating that SIRT1 is a primary p65 deacetylase in response to TNFα stimulation.

![STACs attenuate TNFα-induced p65 acetylation.\
(A) Western blots of immunoprecipitated acetylated K310-p65 protein, p65 and actin protein in whole cell lysates from vector or p300 transfected cells with or without TNFα stimulation. (B) Left panel, western blots of immunoprecipitated acetylated K310-p65 protein, SIRT1, p65 and tubulin in whole cell lysates from TNFα-stimulated cells transfected with p300 plus empty vector or p300 plus SIRT1. Right panel, western blots of immunoprecipitated acetylated K310-p65 protein, p65 and tubulin in whole cell lysates from TNFα-stimulated p300 overexpressing cells that were pretreated with EX-527 for 6 hours. (C) Upper panels, western blots of immunoprecipitated acetylated K310-p65 protein, p65, phospho-NF-κB (Ser536), phospho-IκBα (Ser32/Ser36) and tubulin in whole cell lysates from cells pretreated with compounds for 6 hours followed by 20 minutes TNFα stimulation. Lower panels, densitometry quantitation of the western blot for immunoprecipitated acetylated p65 protein. The level of acetylated p65 in TNFα-stimulated and vehicle treated sample was set as 1. Experiments were repeated at least 2 times and western blots from one experiment were shown as representative. Error bars present s.d. of densitometry quantitation of western blots from at least two experiments. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.](pone.0046364.g005){#pone-0046364-g005}

Next we tested whether STACs could affect TNFα-induced p65 acetylation. We pretreated HEK 293T/17 cells with each of the STACs for 6 hours and then stimulated them with TNFα. The western blot of the immunoprecipitated acetylated p65 protein from these samples showed that STACs significantly reduced TNFα-stimulated p65 acetylation, while the two biochemically inactive compounds showed no effect ([Figure 5C](#pone-0046364-g005){ref-type="fig"}). A specific IKK2 inhibitor, TPCA1 [@pone.0046364-Podolin1], was also included as a positive control. As expected, TPCA1 significantly inhibited TNFα-induced p65 acetylation by preventing p65 nuclear translocation and its subsequent acetylation ([Figure 5C](#pone-0046364-g005){ref-type="fig"}). Besides acetylation, NF-κB activation is regulated by phosphorylation, and interplay exists between phosphorylation and acetylation of NF-κB. For example, phosphorylation of Ser536 has been shown to enhance p65 acetylation [@pone.0046364-Chen4]. To see whether STACs could affect IKK-IκB signaling pathways regulating p65 phosphorylation upstream of p65 acetylation, we probed STAC-treated samples with antibodies recognizing phospho-NF-κB (Ser536) and phospho-IκBα (Ser32/Ser36). As shown in [Figure 5C](#pone-0046364-g005){ref-type="fig"}, while TPCA1 diminished TNFα-stimulated phosphorylation of p65 at serine 536 and phosphorylation of IκBα at serine 32 and serine 34, STACs did not have any effect on phosphorylation of these residues. These data suggest that STAC-mediated reduction of acetylated p65 protein occurs downstream of IKK and IκB.

STACs Suppress TNFα-induced NF-κB Transcriptional Activation {#s3d}
------------------------------------------------------------

It has been shown previously that acetylation of p65 at lysine 310 is required for full activation of NF-κB function [@pone.0046364-Chen1]. To investigate whether the reduction of p65 acetylation induced by SIRT1 overexpression or SIRT1 activation by STACs could lead to suppression of NF-κB transcriptional activation, we measured NF-κB luciferase reporter activity in HEK 293 cells overexpressing SIRT1 or pretreated with STACs prior to TNFα stimulation. Our data showed that overexpression of SIRT1 suppressed basal and TNFα-stimulated NF-κB transcriptional activity as measured by an NF-κB luciferase reporter gene assay ([Figure 6A](#pone-0046364-g006){ref-type="fig"}). Likewise, treatment of STACs induced a dose-dependent reduction of TNFα-stimulated NF-κB transcriptional activation while the inactive compounds had no effect ([Figure 6B](#pone-0046364-g006){ref-type="fig"} and [Table 1](#pone-0046364-t001){ref-type="table"}), consistent with the effect exerted by SIRT1 overexpression ([Figure 6A](#pone-0046364-g006){ref-type="fig"}).

![STACs suppress stimuli-induced NF-κB transcriptional activation and cytokine secretion.\
(A) NF-κB luciferase reporter counts in HEK 293 cells transfected with SIRT1 or empty vector with or without TNFα stimulation. Western blot in the right upper corner indicated SIRT1 expression induced by SIRT1 plasmid transfection. (B) Dose-response effect of SRTCX1002 on NF-κB luciferase reporter activity in HEK293 cells stimulated with TNFα. Error bars represent s.d. of at least four replicates. (C) Dose-response effect of SRTCX1003 on LPS-induced TNFα secretion from RAW cells. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.](pone.0046364.g006){#pone-0046364-g006}

10.1371/journal.pone.0046364.t001

###### STACs suppress stimuli-induced NF-κB transcriptional activation and cytokine secretion.

![](pone.0046364.t001){#pone-0046364-t001-1}

  Compound ID    NF-êB luciferase reporter assay IC~50~ (µM)   LPS-induced TNFá secretion assay IC~50~ (µM)
  ------------- --------------------------------------------- ----------------------------------------------
  SRTCX1002                         0.71                                           7.58
  SRTCX1003                         0.95                                          12.52
  SRTCZ1001                         \>20                                           \>40
  SRTCD1023                         3.30                                           3.16
  SRTCL1015                         1.24                                           3.41
  SRTCE1022                         \>20                                           \>40

Table shows the IC~50~ values of the STACs in NF-κB luciferase reporter assay and LPS-induced TNFα secretion assay.

STACs Reduce LPS-induced Cytokine Secretion from RAW Cells {#s3e}
----------------------------------------------------------

As NF-κB plays a significant role in regulating inflammatory cytokine production, we next determined whether STACs could block LPS-induced TNFα secretion from RAW 264.7 murine macrophage cells. As shown in [Figure 6C](#pone-0046364-g006){ref-type="fig"} and [Table 1](#pone-0046364-t001){ref-type="table"}, all of the four STACs showed dose-dependent reduction of LPS-induced TNFα secretion from RAW cells, whereas the control compounds showed no effect. Further, the reduction of TNFα secretion from RAW cells mediated by SRTCX1003 treatment was largely reversed upon knockdown of SIRT1 by siRNA ([Figure S3](#pone.0046364.s003){ref-type="supplementary-material"}), indicating that STAC-mediated inhibition of LPS-induced inflammatory response is dependent on SIRT1.

SRTCX1003 Decreases LPS-stimulated Cytokine Production *in vivo* {#s3f}
----------------------------------------------------------------

Previous studies on SRT1720, SRT2530 and SRT2379 have demonstrated that these earlier generation STACs can improve insulin sensitivity in mice fed with high fat diet in a SIRT1-dependent manner, which is at least partially due to their anti-inflammatory effects [@pone.0046364-Yoshizaki1], [@pone.0046364-Yoshizaki2]. To examine the effects of STACs on acute systemic inflammation, we used a LPS-induced inflammation mouse model as depicted in [Figure 7A](#pone-0046364-g007){ref-type="fig"}. As reported previously [@pone.0046364-Yang4], [@pone.0046364-vanderPoll1], plasma concentration of a number of inflammatory cytokines such as TNFα and IL-12 was rapidly elevated following intravenous LPS administration. TNFα, in particular, increased by \>1000 fold, 90 minutes after the LPS administration, in agreement with previous reports [@pone.0046364-Yang4]. We hypothesized that pretreatment of the animals with an orally bioavailable STAC should blunt the LPS-induced inflammatory cytokines. An oral dose of 3, 10, 30 or 100 mg/kg SRTCX1003 or 1 mg/kg of the positive control dexamethasone was administered to the mice 60 minutes prior to LPS administration. Plasma concentration of SRTCX1003 at the time of sacrificing was measured which showed a dose-response drug exposure of SRTCX1003 in mice ([Figure 7B](#pone-0046364-g007){ref-type="fig"}). Consistently, SRTCX1003 treatment dose-dependently reduced LPS-stimulated TNFα and IL-12p40 production. Strikingly, SRTCX1003 at the highest dose of 100 mg/kg showed an efficacy that was comparable to dexamethasone ([Figure 7C and 7D](#pone-0046364-g007){ref-type="fig"}).

![SRTCX1003 decreases LPS-stimulated cytokine production *in vivo*.\
(A) Schematic illustration of the acute LPS-induced inflammation mouse model. (B) Compound plasma concentration of mice dosed with SRTCX1003 for 2.5 hours. (C--D) Dose-response effect of SRTCX1003 and the effect of 1 mg/kg dexamethasone on LPS-induced production of TNFα in (C) and IL-12p40 in (D). Error bars represent s.d. of eight mice in each group. Please note that reduction of TNFα and IL-12p40 by SRTCX1003 at 100 mg/kg was comparable to that induced by 1 mg/kg dexamethasone. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.](pone.0046364.g007){#pone-0046364-g007}

Discussion {#s4}
==========

Inflammation has been shown to play a major role in contributing to the pathology of many chronic diseases, including COPD, rheumatoid arthritis, T2D, cancer, Alzheimer's disease, cardiovascular, and renal diseases among others [@pone.0046364-Manabe1]. Use of steroids and nonsteroidal anti-inflammatory drugs (NSAIDs) is not always appropriate or optimal for the chronic treatment of these age-related diseases due to their undesired side effects [@pone.0046364-Aulakh1], [@pone.0046364-Camu1]. Furthermore, the current anti-inflammatory drugs do not help to restore the dysregulated physiological functions in diseases such as diabetes through direct modulation of dysregulated pathways. Therefore, there is a clear and in some cases unmet medical need for developing more effective and mechanistically-targeted anti-inflammatory drugs.

The NAD^+^-dependent deacetylase SIRT1 has been shown to regulate the inflammatory response to multiple stimuli, as well as improve metabolic, neuronal, cardiovascular and renal functions in diseases of aging, thus validating this deacetylase as a potential therapeutic target for drug discovery and development [@pone.0046364-Tang1], [@pone.0046364-Satoh1]. We have shown here that representatives of two distinct chemical classes of STACs activate SIRT1 *in vitro* and promote SIRT1-mediated deacetylation of p65 protein in cells leading to the suppression of NF-κB transcriptional activation stimulated by the proinflammatory cytokine TNFα. Moreover, treatment of inflammatory cells with the STACs mediates a reduction of LPS-induced TNFα secretion while oral administration to mice challenged with LPS suppresses this cytokine and IL-12 *in vivo*.

Mutational analyses of p65 have revealed the importance of lysine 310 acetylation on NF-κB activation [@pone.0046364-Chen1], [@pone.0046364-Yang3]. The AlphaScreen format assay described herein allows quantitative assessment of the effect of small molecules on SIRT1-dependent deacetylation of K310 on p65. While this system relies on the overexpression of both p300 HAT and p65 for optimal signal to noise measurements, we have demonstrated that the effect of compounds in this assay is relevant, as the same impact can be observed on endogenous p65 in cells stimulated with TNFα. Further, STAC treatment of cells attenuates TNFα-induced p65 acetylation without affecting IKK-mediated phosphorylation of p65 and IκBα, indicating that STAC-mediated p65 deacetylation is downstream of IKK activation.

It is possible that other sirtuins could affect p65 acetylation. SIRT2 has also been shown to deacetylate p65 and regulate NF-κB [@pone.0046364-Rothgiesser2]. We have tested the STACs, and find that they do not activate SIRT2 (data not shown). In other studies, SIRT6 has been shown to affect NF-κB-dependent gene expression, but through an indirect means of deacetylating histone H3, which affects recruitment of NF-κB [@pone.0046364-Kawahara1]. It is also not completely clear whether SIRT6 activity would regulate NF-κB, given one study which showed SIRT6 suppressed NF-κB targeted gene expression [@pone.0046364-Kawahara1] while another study did not detect changes in NF-κB regulated gene expression in muscles of SIRT6 deficient mice [@pone.0046364-Zhong2]. Also under investigation is the effect of STACs on AP-1 and/or T cell function, which are also potentially regulated by SIRT1 and may contribute to the suppression of inflammatory response [@pone.0046364-Zhang1], [@pone.0046364-Beier1].

Previous studies have already demonstrated the effects of STACs on regulating the inflammation in liver and adipose that is associated with high fat diet and obesity [@pone.0046364-Yoshizaki1], [@pone.0046364-Yoshizaki2], [@pone.0046364-Minor1]. The studies reported here describe the effect of STACs on an acute systemic inflammatory response. SRTCX1003 shows dose-dependent reduction of TNFα and IL-12 production in the plasma of mice treated with LPS. Strikingly, SRTCX1003 treatment at the dose of 100 mg/kg showed an efficacy that is comparable to dexamethasone. We have tested and found that SRTCX1003 has no direct activity on the glucocorticoid receptor. It will be of interest to evaluate the therapeutic potential of combining SRTCX1003 with dexamethasone, as well as other anti-inflammatory modulators on combating inflammation. Experimental medicine studies of a STAC that has been evaluated for its *in vivo* profile shows results in humans consistent with the observations in rodents. That is, human subjects that were dosed with STAC SRT2104, then subsequently challenged with a low dose of LPS, have significantly suppressed levels of inflammatory cytokines IL-6 and IL-8, and attenuated levels of TNFα, compared to the subjects on placebo [@pone.0046364-vanderMeer1].

The efficacy seen in the LPS model prompts the question of whether STACs would show therapeutic benefit in inflammatory disease models. Preliminary studies of STACs on disease models, such as dextran sulfate sodium (DSS)-induced inflammatory bowel disease (IBD) show that STAC treatment reduces colonic inflammation in the IBD model (JL Ellis, unpublished data). Safety assessment studies on STACs are ongoing to assess whether STACs can be tested in chronic inflammation disease models, and to support progression of STACs into clinical trials. Collectively, these findings underscore the promise of SIRT1 modulators as a novel therapeutic approach for inflammatory diseases.
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###### 

STACs promote SIRT1-mediated deacetylation of p65 protein. (A--C) Treatment of SRTCX1003, SRTCD1023 or SRTCL1015 at varied doses with or without 10 µM EX-527 on levels of acetylated p65 protein in U2OS cells. All error bars represent s.d. of at least 4 replicates. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.

(TIF)

###### 

Click here for additional data file.

###### 

SRTCX1002 enhances SIRT1-mediated deacetylation of p53 protein. **(**A) Effects of varied concentrations of SRTCX1002 with or without 10 µM EX-527 on doxorubicin-induced p53 acetylation in U2OS cells. (B) Effects of SRTCX1002 on doxorubicin-induced p53 acetylation in U2OS cells transfected with either SIRT1-siRNA or NT-siRNA. Western blots in the right upper corner indicate that SIRT1 was knocked down by 70% by SIRT1-siRNA. All error bars represent s.d. of at least 4 replicates. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.

(TIF)

###### 

Click here for additional data file.

###### 

SRTCX1003 reduces LPS-induced TNFα secretion from RAW cells via SIRT1. Effects of SRTCX1003 on LPS-induced TNFα secretion from RAW cells transfected with either SIRT1-siRNA or NT-siRNA. Western blots in the right upper corner indicate that SIRT1 was knocked down by 70% by SIRT1-siRNA. All error bars represent s.d. of at least 3 replicates. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.

(TIF)

###### 

Click here for additional data file.
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Materials and Methods.

(DOCX)

###### 

Click here for additional data file.

###### 

STACs activate SIRT1 deacetylase activity *in vitro*. Table shows the EC1.5 and Max Act values of the STACs in SIRT1 enzymatic assay with p53-TAMRA peptide substrate and IC~50~ values of the STACs in the cellular p65 assay.

(DOCX)

###### 

Click here for additional data file.
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